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Manduca sextaThe toxicity and pore-forming ability of the Bacillus thuringiensis Cry9Ca insecticidal toxin, its single-site
mutants, R164A and R164K, and the 55-kDa fragment resulting from its proteolytic cleavage at residue 164
were investigated usingManduca sexta neonate larvae and ﬁfth-instar larval midgut brush border membrane
vesicles, respectively. Neither the mutations nor the proteolytic cleavage altered Cry9Ca toxicity. Compared
with Cry1Ac, Cry9Ca and its mutants formed large poorly selective pores in the vesicles. Pore formation was
highly dependent on pH, however, especially forwild-type Cry9Ca and bothmutants. Increasing pH from6.5 to
10.5 resulted in an irregular step-wise decrease in membrane permeabilization that was not related to a
change in the ionic selectivity of the pores. Pore formation was much slower with Cry9Ca and its derivatives,
including the 55-kDa fragment, than with Cry1Ac and its rate was not inﬂuenced by the presence of protease
inhibitors or a reducing agent.+1 514 343 7146.
prade).
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Among the insecticidal toxins of Bacillus thuringiensis [1], the three-
domain Cry proteins have been most extensively used for pest control
[2] and their mode of action has been studied inmost detail [3,4]. They
are synthesized as protoxins that accumulate within crystalline inclu-
sions, usually during sporulation. Once ingested by susceptible insects,
the protoxins are solubilized in the midgut and hydrolyzed to their
active formby intestinal proteases [5,6]. The activated toxins then bind
to speciﬁc receptors located on the surface of the luminal membrane
of midgut epithelial columnar cells [7,8]. Finally, the toxins insert into
the membrane and form pores that abolish transmembrane gradients
and disrupt cellular functions, leading to cell lysis and death of the
insect [3,9].
Although the activated toxins are thought to be resistant to further
proteolysis, many cases of cleavage within their pore-forming domain
(domain I) have been reported (summarized in [10]). However, the
position of these cleavage sites differs widely depending on the toxin
being studied and the consequences of suchmodiﬁcations remain some-
what controversial. For instance, it has been suggested that exposureof proteolytic sites following binding of the toxins to their receptors
could play an important role in their mode of action by either facil-
itating [11] or allowing [12] toxin oligomerization and membrane
insertion. The importance of such a cleavage step has been questioned,
however, as the rate of pore formation by Cry1Aa in midgut brush
border membrane vesicles was not altered in the presence of a wide
variety of protease inhibitors [10]. Furthermore, protease inhibitors
stimulated pore formation by Cry1Ab in freshly isolated midguts,
suggesting that proteolysis within the activated toxin hinders, rather
than stimulates, its activity [13]. On the other hand, elimination of a
major trypsin cleavage site located within the putative α3–α4 loop of
domain I in Cry9Ca, by replacing Arginine 164 by an alanine residue
using in vitro site-directed mutagenesis, did not alter signiﬁcantly its
toxicity [14].
In the present study, the possible role of proteolysis within the
pore-forming domain of the activated toxins was further investigated
by examining the ability of wild-type Cry9Ca, its R164A and R164K
mutants, as well as the 55-kDa fragment resulting from cleavage at
Arginine 164, to permeabilize brush border membrane vesicles iso-
lated from Manduca sexta, using a light scattering assay. Although in
vitro the puriﬁed 55-kDa fragment was more active than the other
toxin preparations, especially at alkaline pH, its toxicity, measured
by in vivo bioassays, was similar to that of Cry9Ca and both of its
mutants. This study constitutes the ﬁrst characterization of the pores
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micro-environmental factors on its pore-forming ability.2. Materials and methods
2.1. Toxin activation and puriﬁcation
Wild-type Cry9Ca, and its mutants R164A and R164K were pre-
pared from Escherichia coli W6K strains producing the appropriate
single recombinant toxins as described previously [14]. The bacteria
were grown in TB medium containing 100 μg/ml ampicillin and,
when the optical density at 600 nm reached 0.6±0.2, gene expression
was induced at 28 °C by addition of isopropyl-β-D-thiogalactoside to a
ﬁnal concentration of 1 mM. Cry1Ac was produced from B. thur-
ingiensis HD73 grown in YT medium containing 100 μg/ml ampicillin
as described earlier [15]. Protoxins were activated in vitro with
porcine trypsin (Gibco, Grand Island, NY) and the resulting toxins
were puriﬁed by fast protein liquid chromatography using a mono-Q
ion exchange column (Pharmacia Biotech, Montreal, Qc) and eluting
bound toxin with a 50 to 500 mM NaCl gradient as described
elsewhere [16,17]. To minimize conversion of Cry9Ca and its R164K
mutant to the 55-kDa species, activation was terminated by adding a
cocktail of protease inhibitors (Calbiochem, San Diego, CA) composed
of 100 mM 4-(aminoethyl)benzenesulfonyl ﬂuoride (AEBSF), 80 μM
aprotinin, 5 mM bestatin, 1.5 mM trans-epoxysuccinyl-L-leucyla-
mido-(4-guanidino)butane (E64), 2 mM leupeptin and 1 mM pep-
statin A at a 100-fold dilution. However, to isolate the 55-kDa
fragment, fresh trypsin was repeatedly added to the wild-type
protoxin preparation until the conversion was complete.
2.2. Polyacrylamide gel electrophoresis
Toxin preparations were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis [18] using either standard 10%
polyacrylamide gels or 4–20% polyacrylamide density gradient gels
(Pierce, Rockford, IL). These were stained with GelCode Blue Stain
reagent (Pierce) following the manufacturer's recommendations.
2.3. Bioassays
Fertilized eggs of M. sexta were obtained from the insectary of the
North Carolina State University Department of Entomology (Raleigh,
NC). Larvae were fed an artiﬁcial diet supplied with the insects. Toxi-
city assays were carried out by raising neonate larvae on artiﬁcial diet
contaminated with either protoxin or activated toxin, as described
elsewhere [15]. Thesewere applied as 100-μl samples that were layered
onto 1.8-cm2 wells and allowed to absorb into the medium. The tests
were done with six concentrations ranging from 1.2 to 10 μg/ml
(66.7 to 555.6 ng/cm2) for the protoxins and 2 to 15 μg/ml (111.1 to
833.3 ng/cm2) for the activated toxins and the 55-kDa fragment,
using 10 groups of 25 larvae for each toxin concentration. Mortality
and, for surviving insects, weight gain were recorded after 7 days.
Values were adjusted for mortality of control larvae reared in the
absence of toxin. The toxin concentrations required to kill 50% and
90% of the larvae (LC50 and LC90) or to inhibit weight gain by 50%
(EC50) were calculated by probit analysis [19]. Data were evaluated by
one-way analysis of variance tests with the InStat software (GraphPad
Software, San Diego, CA).
2.4. Brush border membrane vesicle preparation
Whole midguts were isolated from ﬁfth-instar M. sexta larvae as
described earlier [15] and used to prepare brush border membrane
vesicles with an Mg2+ precipitation and differential centrifugation
method [20].2.5. Osmotic swelling assay
Brush border membrane vesicle permeability was analyzed with
an osmotic swelling technique based on light-scattering measure-
ments [21]. Prior to the experiments, vesicles were resuspended
to about 90% of the desired ﬁnal volume in 10 mM of either MES
(morpholineethanesulfonic acid)-KOH (pH 6.5), HEPES (4-[2-
hydroxyethyl]-1-piperazineethanesulfonic acid)-KOH (pH 7.5), Tris
(2-amino-2-(hydroxymethyl)-1,3-propanediol)-HCl (pH 8.5), CHES
(2-[N-cyclohexylamino]ethanesulfonic acid)-KOH (pH 9.5), or CAPS
(3-[cyclohexylamino]-1-propanesulfonic acid)-KOH (pH 10.5) and
incubated overnight at 4 °C. At least 1 h before the beginning of the
experiments, the vesicle suspensions were further diluted to a ﬁnal
concentration of 0.4 mg of membrane protein per ml with the appro-
priate buffer supplemented with enough bovine serum albumin to
reach a ﬁnal concentration of 1 mg/ml. The vesicles were preincu-
bated at 23 °C for about an hour with 0 to 150 pmol of activated toxin
per mg of membrane protein (0 to 60 nM), except for kinetic experi-
ments where preincubation was omitted. The assay was initiated
by rapidly mixing the vesicles with an equal volume of 10 mM of
the appropriate buffer, 1 mg/ml bovine serum albumin, and either
150 mM KCl, KSCN, N-methyl-D-glucamine-HCl or potassium gluco-
nate, or 300 mMsucrose or rafﬁnosewith aHi-TechScientiﬁc (Salisbury,
UK) stopped ﬂow rapid kinetics apparatus. For kinetic experiments,
150 pmol of toxin per mg of membrane protein was added to the
150 mM KCl solution before mixing with the vesicles. Scattered light
intensity was monitored at the rate of 10 Hz and a wavelength of
450 nm,with a photomultiplier tube located at an angle of 90° from the
incident beam, at 23 °C in a PTI spectroﬂuorometer (Photon Technol-
ogy International, South Brunswick, NJ).
2.6. Light-scattering data analysis
Percent volume recovery was deﬁned as 100(1− It) where It is the
scattered light intensity measured at time t after rapid mixing relative
to the maximum attained in the absence of toxin. Data are given
as means±SEM (standard error of the mean) of three experiments
carried out with different vesicle preparations, each performed in
quintuplicate. For kinetic experiments, percent volume recovery was
calculated for each experimental point and control values obtained in
the absence of toxin were subtracted from those measured in the
presence of toxin.
3. Results
3.1. Toxin activation and further proteolysis
Because the activated Cry9Ca and R164K toxins are subject to
further proteolysis [14], the composition of all toxin preparations was
analyzed routinely by polyacrylamide gel electrophoresis. As de-
scribed earlier in more detail [14], the solubilized protoxins of wild-
type Cry9Ca and its mutants, R164A and R164K, migrated as 130-kDa
proteins. After activation, mutant R164A was transformed into a toxin
of 67–69-kDa that did not undergo further proteolysis. Activated
preparations of wild-type Cry9Ca and mutant R164K were composed
of mixtures of a 67–69-kDa toxin and a 55-kDa fragment. The relative
abundance of these two protein species remained remarkably stable
formonthswhen the sampleswere kept refrigerated (data not shown).
On the other hand, preparations in which the trypsinization was
deliberately prolonged and repeated contained mostly the 55-kDa
fragment.
3.2. Toxicity
There was no signiﬁcant difference between the in vivo toxicities,
estimated for neonate larvae of M. sexta, of wild-type Cry9Ca, its
Fig. 1. Osmotic swelling of ﬁfth-instar M. sexta larvae midgut brush border membrane
vesicles induced by Cry9Ca. Vesicles were incubated for 60 min with the indicated
concentrations (in pmol of toxin per mg of membrane protein) of wild-type Cry9Ca
in 1 mg/ml bovine serum albumin and 10 mM HEPES-KOH (pH 7.5) (A) or CAPS-KOH
(pH 10.5) (B). Their permeability to KCl was then assayed by monitoring scattered light
intensity after rapid mixing with an equal volume of the same buffers supplemented
with 150 mM KCl. The curves were averaged over 5 experiments performed with the
same representative vesicle preparation and normalized relative to control values
measured in the absence of toxin.
1113J.-F. Brunet et al. / Biochimica et Biophysica Acta 1798 (2010) 1111–1118puriﬁed 55-kDa fragment, and its mutants, R164A and R164K, when
tested either as protoxins or as in vitro activated toxins (Table 1).
Although, for each preparation, the toxin concentration required to
kill the larvae was systematically higher than that required to inhibit
their growth, the LC50 values were not signiﬁcantly different from the
EC50 values estimated on the basis of larval weight (Table 1).
3.3. Membrane permeabilization and effect of pH
The ability of each toxin preparation to permeabilize midgut brush
border membrane vesicles isolated from ﬁfth-instar M. sexta larvae
was evaluated with an osmotic swelling assay [21]. In these experi-
ments, scattered light intensity rises sharply immediately following
rapid mixing of the vesicles with a hypertonic solution, due to vesicle
shrinking. As illustrated in Fig. 1A for wild-type Cry9Ca tested with a
KCl solution at pH 7.5, in the presence of an active toxin, scattered
light intensity subsequently decreases and stabilizes at a near steady-
state value which depends on toxin concentration and pore-forming
ability [22]. At pH 10.5, however, Cry9Ca was practically inactive
(Fig. 1B). Gradually increasing pH from 6.5 to 10.5 considerably
reduced the ability of Cry9Ca (Fig. 2A) and its R164A (Fig. 2C) and
R164K (Fig. 2D) mutants to permeabilize the membrane. Within
the range of pH values tested, the activity of all three toxins was
highest at pH 6.5 and became negligible at pH 10.5. In contrast, and
while also decreasing as pH was increased, the activity of the 55-kDa
fragment was still appreciable at the highest pH tested (Fig. 2B).
For all toxins, the decrease in activity was much sharper after pH
was increased from 6.5 to 7.5 or from 8.5 to 9.5 than from 7.5 to 8.5
or from 9.5 to 10.5 (Fig. 2).
3.4. Effect of pH on the ionic selectivity of Cry9Ca-induced channels
In the presence of a salt gradient, the osmotic swelling rate of
the vesicles depends on the inﬂux rate of the least permeant ionic
species [21,23]. It was therefore hypothesized that the negligible
activity of Cry9Ca and its mutants at high pH could result from a
change in ionic selectivity of the pores due to the titration of critical
residues within the toxin molecule. The possibility that the reduced
rate of vesicle swelling could be due to a lower permeability of the
pores to anions was tested by artiﬁcially increasing the anion per-
meability of the vesicles by replacing chloride with the more highly
permeant thiocyanate ion (SCN−). This substitution had no detect-
able effect on vesicle permeability in the presence of wild-type Cry9Ca
(Fig. 3A) or either of its mutants (data not shown). However, the
vesicles swelled readily when the permeability to potassium ions was
also increased, in the absence of toxin, by the addition of valinomycin,
a potassium ion-speciﬁc ionophore, conﬁrming that SCN−was indeed
more permeant than Cl−. The possibility that the reduced rate of
vesicle swelling could be the result of a lower permeability of the pores
to cationswas tested by increasing the permeability to potassiumwithTable 1
Toxicity of Cry9Ca and its two single-site mutants toward M. sexta neonate larvae.
Protein Form EC50a (ng/cm²) LC50b (ng/cm²) LC90b (ng/cm²)
Cry9Ca Protoxin 70 (30–170)c 190 (100–360) 570 (270–1190)
Activated toxin 170 (70–400) 280 (140–570) 710 (320–1550)
55-kDa fragment 180 (90–370) 450 (210–990) 940 (400–2200)
R164A Protoxin 70 (30–160) 250 (110–380) 640 (290–1410)
Activated toxin 130 (60–320) 250 (130–460) 460 (230–900)
R164K Protoxin 70 (20–170) 210 (120–500) 520 (260–1020)
Activated toxin 140 (70–300) 240 (120–450) 430 (220–870)
a EC50, toxin concentration required to cause a 50% reduction in larval weight gain.
b LC50 and LC90, toxin concentrations required to kill 50 and 90% of the larvae,
respectively.
c 95% conﬁdence intervals are shown in parentheses.valinomycin in the presence of KCl. Thismodiﬁcation also had no effect
on the rate of vesicle swelling induced bywild-type Cry9Ca (Fig. 3B) or
either of its mutants (data not shown).
These experiments strongly suggest that pH affected the capacity
of the toxins to form pores, rather than their properties once formed.
Further evidence for this conclusion was obtained by incubating
vesicles with any one of the three toxins for 1 h at pH 7.5 before
measuring membrane permeability by diluting the vesicles with an
equal volume of the KCl buffer at pH 10.5. In each case, a strong
osmotic swelling activity, comparable to that observed at pH 7.5, was
measured even though the pH of the mixture was 9.0 (data not
shown).
3.5. Permeability to large charged solutes and oligosaccharides
To further characterize the properties of the pores formed by
Cry9Ca, its 55-kDa fragment and its single-site mutants, their perme-
ability to different charged and neutral solutes was examined using
the same experimental approach as for KCl (Fig. 4). Replacing potas-
sium (Fig. 4A) by N-methyl-D-glucamine resulted in a very modest
(less than two-fold) reduction in swelling rates for all toxins tested
(Fig. 4B). Replacing chloride (Fig. 4A) by gluconate resulted, at pH 7.5,
in a similarly modest reduction for Cry9Ca, its 55-kDa fragment and
its single-site mutants, but in a much stronger (four-fold) reduction
Fig. 2. Effect of pH on the KCl permeability of the pores formed by Cry9Ca, its 55-kDa fragment and single-site mutants R164A and R164K in ﬁfth-instarM. sextamidgut brush border
membrane vesicles. These were incubated for 60 min with the indicated concentrations of Cry9Ca (A), its 55-kDa fragment (B), R164A (C), or R164K (D) in 1 mg/ml bovine serum
albumin and 10 mM MES-KOH (pH 6.5) (●), HEPES-KOH (pH 7.5) (■), Tris–HCl (pH 8.5) (▲), CHES-KOH (pH 9.5) (▼), or CAPS-KOH (pH 10.5) (♦). Their permeability to KCl was
then assayed as illustrated in Fig. 1. Percent volume recovery was calculated as described under Materials and methods.
1114 J.-F. Brunet et al. / Biochimica et Biophysica Acta 1798 (2010) 1111–1118in the presence of Cry1Ac (Fig. 4C). At pH 10.5, however, a similar
(four–ﬁve-fold) reduction in the osmotic swelling rates was observed
in the presence of the 55-kDa fragment and Cry1Ac. In further experi-
ments, KCl was replaced by a large neutral solute, sucrose (Fig. 4D).
This change resulted in a reduction in the osmotic swelling rates
which was rather modest (less than two-fold) for all four Cry9Ca
preparations, but more pronounced for Cry1Ac. At pH 7.5, replacing
the disaccharide sucrose by the trisaccharide rafﬁnose (Fig. 4E) re-
sulted in an approximately two-fold reduction in osmotic swelling
rates in the presence of Cry9Ca, its 55-kDa fragment and its single-site
mutants, but in an approximately ﬁve-fold reduction in the presence
of Cry1Ac. At the higher pH, the decrease in osmotic swelling rate was
also about two-fold in the presence of the 55-kDa fragment and about
ﬁve-fold in the presence of Cry1Ac.
3.6. Rate of pore formation
The kinetics of pore formation were examined by monitoring
osmotic swelling after mixing simultaneously the vesicles with KCl
and the toxin. Pore formation was much slower for Cry9Ca, its 55-kDa
fragment and its single-site mutants than for Cry1Ac (Fig. 5), even
at pH 7.5, at which these toxins formed pores in the preincubation
experiments (Fig. 2). This slow rate of pore formation does not appear
to be due to the activity of membrane-bound proteases since it was
not altered signiﬁcantly by the addition of a cocktail of protease inhi-
bitors to the assay solutions (data not shown). The activated Cry9Ca
molecule contains three cysteine residues located at positions 246,
322 and 449 [14]. These could possibly hinder pore formation byforming intermolecular disulﬁde bridges, under the oxidizing con-
ditions used in the light-scattering experiments, as was described
recently for several Cry1Aa cysteine mutants [24]. For this reason, the
kinetic experiments were repeated with 5 mM dithiothreitol, but this
reducing agent had no detectable effect on the osmotic swelling rates
measured in the presence of Cry9Ca, its mutants, or its 55-kDa frag-
ment (data not shown).4. Discussion
4.1. Toxicity
The toxicity of wild-type Cry9Ca measured in this study was quite
similar to that published previously [14]. The somewhat higher value
reported here (190 vs 83 ng/cm2) likely reﬂects minor differences in
the experimental conditions used, including artiﬁcial diet composi-
tion, photoperiod, dilution buffer, and origin of the insects [25,26].
Toxicity data for the 55-kDa fragment and both mutants have not
been published previously for M. sexta. In the present study, the LC50
values calculated for all toxins, tested either as protoxins or as trypsin-
activated proteins, were not signiﬁcantly different, as was foundwhen
similar preparations of the wild-type and mutant toxins were tested
in Ostrinia nubilalis [14]. However, the fact that the 55-kDa fragment
of Cry9Ca was not signiﬁcantly less toxic against M. sexta than the
67–69-kDa toxin may be surprising considering the observation that,
in contrast with thewild-type toxin, it was inactive against Spodoptera
exigua [14].
Fig. 3. Effect of thiocyanate and valinomycin on the Cry9Ca-induced permeability of
M. sexta brush border membrane vesicles. These were incubated for 60 min in 10 mM
CAPS-KOH (pH 10.5) and 1 mg/ml bovine serum albumin, with or without (Control)
150 pmol of wild-type Cry9Ca or Cry1Ac per mg of membrane protein, 0.15% (v/v)
ethanol (EtOH), or 7.5 μM valinomycin (Val), as indicated for each tracing. The vesicles
were rapidly mixed with an equal volume of 10 mM CAPS-KOH (pH 10.5), 1 mg/ml
bovine serum albumin, and 150 mM KSCN (A) or KCl (B). Scattered light intensity was
monitored as described in the legend of Fig. 1.
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linking its α3 and α4 helices have been described with conﬂicting
results concerning the effects of the cleavage on its toxicity. For in-
stance, Cry2Aawas reported to be active, against Pieris brassicae larvae
and a few cell lines derived from lepidopteran and dipteran insects,
despite the removal of 144 residues from its N-terminus [27]. How-
ever, cleavage of this toxin at Leu144 was also reported to yield an
inactive toxin, and mutants in which cleavage at this residue was
prevented retained wild-type toxicity against Lymantria dispar larvae
[28]. A similar cleavage occurring at Lys158 or His161 of the α3–α4
loop, and yielding a 55-kDa fragment as in the case of Cry9Ca, was
reported for the coleopteran-speciﬁc Cry3Aa toxin [29,30]. The
55-kDa Cry3Aa fragment retained full toxicity against the two coleop-
teran species that were tested, Phaedon cochleariae and Leptinotarsa
decemlineata [30]. Moreover, engineering a speciﬁc chymotrypsin
site that facilitates the formation of the 55-kDa fragment markedly
increased Cry3Aa toxicity for Diabrotica virgifera virgifera, thus broad-
ening its activity spectrum [31]. Finally, a 55-kDa trypsin-resistant
fragment, resulting from the cleavage of Cry1Ie at residue 153, was
as toxic as its full-length parental toxin for Plutella xylostella larvae
[32], whereas a similar fragment resulting from the cleavage of the
closely related toxin Cry1Ia at residue 155 retained only 22% of the
full-length protein's toxicity [33].
The reason why the reported toxicity of the Cry9Ca 55-kDa frag-
ment differs so drastically betweenM. sexta (this study) and S. exigua[14] thus remains unclear. The possibility that, in the present study,
the N-terminal fragment of the activated toxin could have remained
attached to its 55-kDa fragment by non-covalent electrostatic inter-
actions, as was demonstrated for Cry3Aa [30], thus preserving its toxi-
city, appears unlikely since no polypeptide in the 10–15-kDa range
was readily apparent when our 55-kDa fragment preparations were
analyzed by SDS-polyacrylamide gel electrophoresis.
4.2. pH effects
The ability of Cry9Ca and both of its mutants to permeabilize
midgut brush border membrane vesicles isolated from 5th-instar
M. sexta larvae in light scattering experiments decreased sharply as
pH was increased from 6.5 to 10.5 (Fig. 2). This effect is very similar to
that previously described for Cry1Ca, which was also much less active
at pH 9.5 and 10.5 than at lower pH values [34], but contrasts with the
muchmore subtle pH effects observed with wild-type Cry1Aa [15,35–
38] and Cry1Ac [34,35] and a large number of their mutants. Cry1Ca
was also shown previously [39] to permeabilize receptor-free phos-
pholipid vesicles faster at pH 4 than at pH 7.4. In these experiments,
however, no difference was observed between pH 7.4 and 10 [39]. Our
results demonstrate that, as for Cry1Ca [34,40], the inability of Cry9Ca
and its mutants to permeabilize brush border membrane vesicles
efﬁciently at high pH is not due to a change in the ionic selectivity of
the pores resulting from the titration of critical residues within the
pore structure, but to a reduced ability to form pores under the con-
ditions of the assay (Fig. 3).
The pore-forming activity of the 55-kDa fragment was also pH-
dependent, but much less strongly than that of the other Cry9Ca pre-
parations (Fig. 2). In particular, it formed pores much more readily
than the other toxin preparations at pH 9.5 and 10.5. This observation
suggests that at least one titratable residue that is removed by the
proteolytic cleavage at Arg164 contributes signiﬁcantly to the pH
sensitivity of the toxin. The possible candidates include three tyrosine
residues located at positions 45, 53 and 57, near the N-terminal end of
the activated Cry9Ca toxin, and two tyrosine residues, at positions 96
and 149, which are predicted to be located within its α2a and α3
helices, respectively. However, the fact that, for all four toxin pre-
parations, as was observed for Cry1Ca [34], the pH effects were most
evident between pH 6.5 and 7.5, and between pH 8.5 and 9.5 indicates
that at least two more titratable residues located within the 55-kDa
fragment are probably also involved. In the case of Cry9Ca, the pos-
sibilities include 3 cysteine, 4 lysine, 6 histidine and 20 tyrosine re-
sidues which are scattered throughout the rest of the toxin molecule.
In addition, it cannot be excluded that changes in the ionization of
critical residues located at the surface of the toxin receptor molecule
could also contribute to the observed effects of pH.
4.3. Pore properties
The ability of the pores formed by Cry9Ca and its mutants to
increase the permeability of brush border membrane vesicles to a
variety of selected charged and uncharged solutes was examined at
pH 7.5 and compared with that of Cry1Ac. At this pH, the osmotic
swelling rates were much less strongly inﬂuenced by the size and
charge of the test solutes when the experiments were carried out with
Cry9Ca, either one of its mutants, or its 55-kDa fragment, than with
Cry1Ac (Fig. 4). At least under the conditions of these experiments,
Cry9Ca therefore appears to form larger and less selective pores than
Cry1Ac and several other Cry toxins known to be cation selective
[23,41–46].
Of all the Cry9Ca toxin preparations that were tested, only the
isolated 55-kDa fragment retained appreciable activity at pH 10.5.
Interestingly, while this fragment's pore-forming properties were
remarkably similar to those of the other Cry9Ca preparations, at pH
7.5, its behavior resembled strikingly that of Cry1Ac at the higher pH
Fig. 4. Permeability of M. sexta brush border membrane vesicles to various solutes induced by Cry9Ca, its 55-kDa fragment, its single-site mutants, R164A and R164K, or Cry1Ac.
Experiments were carried at pH 7.5 (open bars) and 10.5 (hatched bars) with 150 pmol of toxin per mg of membrane protein as illustrated in Fig. 1, except that 150 mM KCl (A) was
replaced with either 150 mM N-methyl-D-glucamine-HCl (B) or potassium gluconate (C), or with 300 mM sucrose (D) or rafﬁnose (E). Because N-methyl-D-glucamine is not ionized
at pH 10.5, this solute was only tested at pH 7.5 (B). In addition, because Cry9Ca, R164A and R164Kwere poorly active at pH 10.5 in the presence of KCl (A), only the 55-kDa fragment
and Cry1Ac were tested at the higher pH in the presence of the other solutes (C–E).
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the ability of Cry9Ca to form pores, but also modiﬁed the properties
of the pores formed by the resulting 55-kDa fragment at high pH.
To our knowledge, a similar effect of proteolytic cleavage on the pore-
forming properties of a Cry toxin has not been reported earlier.
4.4. Kinetics of pore formation
Even at pH 7.5, osmotic swelling monitored for vesicles that were
exposed simultaneously to an inwardly directed KCl gradient and to
the toxinwas remarkably slow in the presence of Cry9Ca, either one of
its mutants, or its 55-kDa fragment (Fig. 5). This conclusion is partic-ularly evident when Cry9Ca results are compared with those obtained
with Cry1Ac. These latter results agree closely with those of similar
experiments published previously for this toxin [21,34,35], Cry1Aa
[35–38], and even Cry1Ca [34]. Taken together with the pH effects
discussed above, this observation suggests that the pore-forming
ability of Cry9Ca depends strongly on electrostatic interactions be-
tween the toxin and the membrane. The inﬂuence of the biochemical
and biophysical micro-environment in which toxin activity is assayed
can differ considerably depending on the toxin being tested [13,34,
39,40,47,48]. Cry9Ca appears to be particularly sensitive to such ef-
fects, but more work is required to fully evaluate the functional con-
sequences of its interaction with components of the insect midgut.
Fig. 5. Kinetics of pore formation of Cry1Ac, Cry9Ca, its 55-kDa fragment, and its single-
sitemutants inM. sexta brush bordermembrane vesicles at pH 7.5. The KCl permeability
of M. sexta brush border membrane vesicles was assayed at pH 7.5 as described in the
legend of Fig. 1 except preincubation with toxin was omitted. Instead, 150 pmol of the
indicated toxins/mgmembrane protein and 150 mMKCl were added simultaneously to
the vesicles. Percent volume recovery was computed as described under Materials and
methods. For clarity, error bars are only shown for every 50th experimental point.
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